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1. 	Introduction
[bookmark: _Ref462751328]This contribution provides 4-step RACH procedure design considerations. Our PRACH design considerations are discussed in [1]. The following agreements were made in RAN1 NR Adhoc:
	Agreed Definition:
· For 4-step RACH procedure, a RACH transmission occasion is defined as the time-frequency resource on which a PRACH message 1 is transmitted using the configured PRACH preamble format with a single particular tx beam 

Agreement:
For 4-step RACH procedure, 
· NR at least supports transmission of a single Msg.1 before the end of a monitored  RAR window
· NR 4-step RACH procedure design should not preclude multiple Msg.1 transmissions until the end of RAR window if need arises

Agreement:
For NR RACH Msg. 1 retransmission at least for multi-beam operation:
· NR supports power ramping. 
· If the UE conducts beam switching, working assumption that one of the alternatives below will be selected (configurability between multiple alternatives may be considered if clear benefit is shown): 
· Alt 1: the counter of power ramping is re-set.
· Alt 2: the counter of power ramping remains unchanged.
· Alt 3: the counter of power ramping keeps increasing. 
· Other alternatives or combinations of the above are not precluded.
· If UE doesn’t change beam, the counter of power ramping keeps increasing.
· Note: UE may derive the uplink transmit power using the most recent estimate of path loss.
· The detail of power ramping step size is FFS.
· Whether UE performs UL Beam switching during retransmissions is up to UE implementation
· Note: which beam UE switches to is up to UE implementation


2. 	4-step RACH Procedure
The 4-step RACH procedure is illustrated in Figure 1. The RACH configurations are signaled in minimum system information (MSIB). 

[bookmark: _Ref471674036]Figure 1: 4-step RACH procedure
In LTE, there is only one RACH timeline that is applied to all scenarios and use cases. NR supports multiple numerologies, various services with different latency requirements, etc. Hence, one RACH timeline for all use cases might not be efficient. Below we analyze some use cases and address the need for RACH timeline optimization.
· Initial access when UE has uplink or downlink data arrival: 
· When UE transitions from RRC-Idle to RRC-Connected Active, it is beneficial to improve the PRACH timeline, but not critical for most of applications e.g. URLLC can go through the similar PRACH procedure, then configured to URLLC
· When UE transitions from RRC-Connected Inactive to RRC-Connected Active, it is desirable to improve the PRACH timeline to have the transition between inactive and active more seamless
· Handover to a target cell in RRC-Connected: 
· There is clear benefit to reduce the PRACH timeline, especially if applications support both mobility and low latency, then it is important to optimize
3. 	General RACH Procedure Timeline
In this section, we discuss the RACH timeline between messages. We denote timeline between messages from the start of one message to the beginning of the next message. However, such timeline can be counted from the end of one message to the beginning of the next message. The timeline notation is described in Table 1.
Figure 1 demonstrates the initial transmission of Msg1 and the reception of Msg2. The initial Msg1 and Msg2 transmission and reception are successful if Msg2 is correctly decoded. Otherwise, Msg1 is retransmitted until Msg2 is correctly decoded as illustrated in Figure 2. UE can retransmit Msg1 with the same RACH sequence but at higher power following the outer-loop power control procedure.
Once Msg2 (aka RAR) is correctly decoded, UE can obtain uplink and downlink grants for transmitting Msg3 and receiving Msg4. The retransmission mechanisms can be applied to both Msg3 and Msg 4 transmission. 
[bookmark: _Ref465980245]



Table 1: Timeline description
	Timeline
	Description

	T1
	Delay from Msg 1 transmission to the beginning of RAR window

	T2
	Minimum UE processing delay from the time RAR is correctly decoded to time Msg 3 is transmitted. Timing advance received in Msg2 is applied in T2.

	T3
	Duration from the time that Msg 3 is transmitted to the time UE starts decoding Msg 4

	T1’
	Maximum UE delay from the last subframe of RAR window to the subframe that Msg 1 is retransmitted when UE can’t receive RAR successfully

	T3’
	Maximum UE delay between Msg 3 retransmissions

	T4’
	Maximum delay between Msg 4 retransmissions

	TRAR
	RAR window where Msg 2 is transmitted



	

[bookmark: _Ref465976170]Figure 2. Msg 1 and Msg 2 initial transmission and reception


[bookmark: _Ref465976613]Figure 3. Msg 1 retransmission


[bookmark: _Ref465976679]Figure 4. Msg 3 and Msg 4 transmission and retransmission
3. 	RACH Timeline Design Considerations
When designing RACH timeline, we can consider the following approaches.
· Approach 1: same RACH timeline for all cases
· Pros: simplicity 
· Cons: always limited by the worst capability users and worst deployment scenarios
· Approach 2: support different RACH timeline 
· Case 1: different RACH timeline for different use cases
· Different numerology and slot duration, at least for data and control
· Different latency requirement, at least for data and control
· Different users can have different processing capability
· Different network can have different processing capability

· Case 2: different RACH timeline for different deployment
· Different carrier frequency, e.g. mmWave vs. sub-6 GHz
· Different cell size, e.g. 100 km cells vs. small cells

Proposal 1: RAN1 consider different RACH timelines for different use cases
Proposal 2: RAN1 consider different RACH timeline for different frequency bands. In particular, RACH timeline for below 6GHz can be different from RACH timeline for above 6GHz
4. 4-step RACH Procedures in Multi-beam Scenario
4.1 Beam Refinement during RACH Procedure
4.1.1. General Procedure for Beam Refinement
In multi-beam scenario, during initial system access, UE detects multiple beams from a gNB and decodes the broadcast channel. Following which, UE may use a beam direction for the RACH procedure, i.e., to exchange PRACH preamble, random access response (RAR), message 3 and message 4.


[bookmark: _Ref462809232]Figure 5: NB and UE beams selected during initial acquisition may not be best suited for the UE to continue RACH procedure.
Following are possible issues of continuing RACH procedure over the selected NB-UE beam pair: 
· NB and UE beams selected during initial system acquisition may have lower beamforming gain. Using such beam pair may impact RACH performances. 
· UE may select a suitable NB-UE beam pair, which may not have the best beamforming gain for the RACH procedure and subsequent transmissions. Such a selection results in higher transmission power on the UL for the duration of the RACH procedure. This may cause excessive interference on the uplink.
· UE may be located at cross-over points of two NB beams and consequently neither of the beams are best suited for the UE as they have lower beamforming gain. 
To overcome these issues NB and UE shall refine their beams during RACH procedure. Beam refinement requires reference signal transmissions (DL) and reporting for selecting a better NB-UE beam pair as shown in 6. 



[bookmark: _Ref462837625]Figure 6: Beam refinement at the NB and UE can improve RACH performance
Proposal 3: In multi-beam scenario, beam refinement shall be performed in Msg2 and Msg4 of RACH procedure to obtain beamforming gain for subsequent data transmissions.
Proposal 4: In multi-beam scenario, beam refinement during RACH procedure involves transmission of reference signals and measurement reporting that allows NB and UE to select better beams. 
4.1.2. Performance Evaluation of Beam Refinement
We provide performance results for motivating beam refinement during the RACH procedure. The simulation configuration is aligned with the agreed evaluation assumptions in [7] (also summarized in Table 1) for a 30 GHz system. For performance evaluation we focus on refining the TRP beam during the RACH procedure. In particular the procedure P-2: which is used to enable UE measurement on different TRP Tx beams to possibly change inter/intra-TRP Tx beam(s) [8]. 
As noted in Section 4.1.1, UE detects multiple beams from a NB. Following which, UE may use a beam direction for PRACH transmission. Upon reception of PRACH, NB transmits Msg 2 and along with it transmits reference signals for TRP beam refinement. 
Figure 7 illustrates the gain in received signal strength due to beam refinement procedure. Results are provided for two TRP antenna configurations.  
Note that the average gain from beam refinement during RACH for the TRP antenna panel (M, N, P) = (4, 8, 2) and (4, 16, 2) is 0.3 dB and 1.1 dB respectively. UEs that are at the trough of two adjacent TRP beams are most benefitted. For such UEs the gains from beam refinement for the TRP antenna panel (M, N, P) = (4, 8, 2) and (4, 16, 2) can be as high as 1.7 and 5.8 dB. Furthermore, note that gains from beam refinement increases with the number of antenna elements at the TRP. The additional benefit of procedures P1 and P3 [8] are FFS.      
[image: NB_beamrefinement]
[bookmark: _Ref471404054]Figure 7: Improvement in received power due to beam refinement during RACH.

4.2 Non-coherent Combining of RACH Symbols across Different RACH Slots and Associated Signalling
In [1], we show the advantages of allowing two shot RACH detection procedure. This section re-illustrates the advantage of two shot RACH detection and then describes the associated signalling.
[image: ]
Figure 8: Comparison of detection performance with different combining methods at 3 km/hr speed
Figure 8 shows the performance of RACH detection with different approaches. The parameters used to obtain this link level result is provided in table 2 of the appendix. The only modified assumptions are the following: a) we used post BF SNR instead of pre BF SNR.
The red curve of Figure 8 shows the performance of one-shot RACH detection of our proposed design. The blue curve of Figure 8 shows that the non-coherent combining of two RACH symbols that are 20 ms apart perform better than the one-shot detection – “no combining” approach shown in red curve – mechanism by 4-5 dB. The performance improvement comes from two scenarios: 1) Non-coherent combining of two RACH symbols and 2) Channel diversity across two RACH symbols that are 20 ms apart. The green curve of Figure 8 shows that the selection  of the better of two RACH block across 20 ms, which captures the gains from channel diversity, performs 1-1.5 dB poorly compared to the non-coherent combining of two RACH blocks scenario. In other words, non-coherent combining of two RACH blocks outperforms the scenario of one shot detection with one retransmission opportunity by 1-1.5 dB. 
[image: ]
Figure 9: Comparison of detection performance with different combining methods at 100 km/hr speed

Figure 9 also shows approximately 1.5 dB improvement due to non-coherent combining of two RACH blocks across 20 ms at 100 km/hr speed. Hence, design should allow RACH detection with more than one shot hypothesis.
The gNB informs UE in Msg2 of 4 step RACH regarding the number of attempts N that it uses to detect the RACH preamble. Let us assume that UE has transmitted RACH Msg1 M consecutive times with the same preamble sequence and same RACH resource by that time. As long as, M >= N, the corresponding UE realizes that the Msg2 is intended for itself.  
For example, let’s assume that UE A transmits RACH preamble in time t0. gNB cannot detect it due to low link gain and UE A does not get a RACH response, i.e., Msg2, from the gNB. UE A retransmits RACH preamble in time t1. UE B also transmits RACH preamble in time t1. gNB again cannot detect a RACH preamble based on the received signal at t1. However, gNB detects a RACH preamble by non-coherently combining the received signal of t0 and t1. gNB conveys via Msg2 that it required two attempts to detect Msg1. UE A realizes that this message is intended for itself and transmits Msg3. UE B realizes that this message is not intended for it and it refrains from transmitting Msg3.
Observation 1: A two shot hypothesis based RACH preamble detection improves performance.
Proposal 5: RAN1 allows the random access response to convey the number of attempts N that the gNB uses to decode RACH Msg1 preamble. Value of N is >=2 and FFS.
4.3. Msg1 Retransmission Procedure
A UE can go through different combinations of following options during transmission of RACH Msg1 preamble:
1) Transmission power ramping, 2) Different RACH resource, e.g., transmission time, selection and 3) Different UE TX beam selection.
Whether a UE changes it’s transmit beam during retransmission of Msg1 depends on its beam correspondence scenario. If a UE has beam correspondence, it can retransmit Msg1 with the same UE TX beam. Otherwise, it can retransmit Msg1 preamble with different UE TX beam. Since network cannot know UE’s level of beam correspondence in advance, selection of UE TX beam during retransmission of Msg1 should be left to UE implementation.
Our previous description suggests that non-coherent combining of two RACH blocks outperforms the scenario of one shot RACH detection with one retransmission opportunity by 1-1.5 dB. This is achievable if UEs do not select a different RACH resource while retransmitting the RACH Msg1 preamble. Hence, design should allow UEs to ramp up transmit power before selecting a different RACH resource. 
Proposal 6:  The selection of UE TX beam during retransmission of Msg1 should be left to UE implementation in multi-beam scenario
Proposal 7: In multi-beam scenario, RAN1 allows UEs to ramp up transmit power and transmit N times before selecting a different RACH transmission time. UE should select the same preamble during the N-1 retransmission with higher transmit power. Value of N is >= 2 and FFS.
4.4 Load Balancing Across RACH Preambles
In a congested scenario, different RACH resource subset size can be associated with one or multiple occasions for DL broadcast channel/signal. This allows a gNB to allocate more RACH resource subsets to congested directions, i.e., where more potential UEs are located. However, gNB needs to inform UE on-the-fly regarding this association and this will increase the payload size of broadcast message. In a stand-alone deployment scenario, these information need to be beam swept through different directions and that leads to even higher overhead.
A simpler solution to solve this issue is to allow non-uniform transmission of directional SYNC and broadcast signals while supporting same RACH resource subset size that is associated with one or multiple occasions for DL SYNC and broadcast signals. gNB can transmit a higher number of SYNC and broadcast signals to the congested directions where more potential UEs are located. The strongest DL SYNC or broadcast resource will be different for the UEs in those locations and they will select different RACH resources and avoid collision.
Observation 2: Association of different RACH resource subset with one or multiple occasions for DL broadcast channel/signal increases payload size of broadcast message.
Observation 3: BS can try to reduce Msg1 collision among UEs by transmitting a higher number of SYNC and broadcast signals to the congested directions where more potential UEs are located.
Proposal 9: RAN1 supports same RACH resource subset size that is associated with one or multiple occasions for DL broadcast channel/signals in multi-beam scenario
4.5 Timing Adjustment through Msg3 and Msg4
Multi-beam scenario is supposed to be used in high carrier frequency which has a lot of bandwidth. Finer timing adjustment for data transmission in these bands is necessary because there would be limited opportunities to frequency division multiplex UEs in multi-beam scenario due to analog beamforming.

The abundant bandwidth of these higher carrier bands may have spare resource elements even after transporting the payload of Msg3 in a slot. Hence, UE can transmit a reference signal in Msg3. gNB can use this reference signal for finer timing adjustment on top of the timing adjustment performed through Msg1. gNB can convey the information regarding this finer timing adjustment to UE in Msg4.
[image: ]
Figure 10: Finer timing adjustment through Msg3 and Msg4
Figure 10 shows the finer timing adjustment procedure through Msg3 and Msg4 of 4 step RACH.
Proposal 10: RAN1 supports the transmission of wideband reference signal in Msg3 for finer timing adjustment.
Proposal 11: RAN1 supports the conveying of finer timing adjustment parameter to UE via Msg4. 
4.6 Number of Msg1 Transmission until the end of RAR window
Transmission of multiple Msg1 transmission until the end of RAR window helps the UEs that do not have beam correspondence. Multiple Msg1 is not necessary for the UEs that have beam correspondence.
In a multi-beam scenario and with analog beamforming, frequency division multiplexing of RACH transmission and uplink data may not be feasible. Since network needs to pre-allocate resources for receiving RACH signals, the total amount of RACH resource overhead will increase significantly if network allows multiple Msg1 transmission till the end of RAR window. For example, if network needs to allocate 5% of total overhead to allow one Msg1 transmission until the end of RAR window, it will have to allocate 20% of total overhead to allow four Msg1 transmissions until the end of RAR window.
Besides, our analysis in [9] suggests that a UE will experience only 0.2 dB drop in relative array gain in the presence of [-22.5, 22.5] degree phase error. It is possible to keep phase error within [-22.5, 22.5] degree. Hence, 0.2 dB drop in relative array does not warrant multiple Msg1 transmission until the end of RAR window.
Proposal 12: RAN1 should strive towards minimizing resources for beam sweep in both DL and UL. Procedures such as the transmission of multiple Msg1 until the end of RAR window is not needed due to its required excessive overhead.
4.7 Specification of the maximum number of Msg1 retransmission
LTE informs the maximum number of retransmission to UEs. In multi-beam scenario, NR will allow different combinations of transmit power ramping, RACH resource switch and UE TX beam switch during Msg1 retransmissions. 
In the previous sub-sections, we have proposed the UE to ramp up transmit power before switching a different RACH resource. RAN1 has already agreed that it is up to UE implementation if a UE switches its TX beam or not. Based on this, the network can specify the maximum number of retransmissions in two ways.
1) The network can inform N, the total maximum number of retransmissions, for each UE. The number of times a UE ramps transmit power before switching to a different RACH resource can be left completely to UE implementation.
2) The network can inform the number of retransmissions in a hierarchical manner. For example, the network can inform UEs to ramp power for N1 times before switching to a different RACH resource. The network can also inform UEs to transmit in at most N2 different RACH resources. 
Proposal 13: RAN1 considers following options to convey the maximum number of Msg1 retransmission to UEs.
A) The network can inform N, the total maximum number of retransmissions, for each UE. The number of times a UE ramps transmit power before switching to a different RACH resource can be left completely to UE implementation.
B) The network can inform the number of retransmissions in a hierarchical manner. For example, the network can inform UEs to ramp power for N1 times before switching to a different RACH resource. The network can also inform UEs to transmit in at most N2 different RACH resources. 
4.8 Uplink Transmit Power Control during Msg1 Transmission in the Absence of gNB Beam Correspondence
In LTE, gNB informs its transmit power to UEs through SIB. UE uses this information to update its path loss estimate and to derive its Msg1 transmit power. This procedure can be applied readily to scenarios where gNB has beam correspondence.
[image: ]
Figure 11: Mismatch in Msg1 transmit power control in the absence of gNB beam correspondence
However, if beam correspondence is not available at gNB, the transmit array gain and receiver array gain for a UE may not be the same. Hence, Msg1 transmit power selected based on gNB transmit power and receive path loss may not be suitable to meet link budget for RACH Msg1. 
Figure 11 illustrates this scenario. gNB uses two different sets of four beams to cover the whole angular region while sweeping beams during SYNC and RACH. UE falls in the peak direction of a beam that is used during SYNC transmission. But UE falls in the valley of two beams that are used to receive RACH Msg1 signals. The receive array gain of gNB for this particular UE will be smaller than the transmit array gain of gNB for the same UE. Hence, if UE selects its uplink transmit power based on gNB transmit power and its estimated path loss during SYNC, it will not be able to mitigate link budget of RACH Msg1.
To mitigate this issue, gNB needs to inform through SIB the maximum difference between its maximum array gain during SYNC transmission and the array gain at cross over points between two beams during RACH reception. UE can use this information, along with the transmit power of gNB and its estimated path loss to find the uplink transmit power of Msg1.
Proposal 14: If beam correspondence is not available at gNB, NR allows gNB to inform through SIB the maximum difference between its maximum array gain during SYNC transmission and the array gain at cross over points between two beams during RACH reception.
5. Conclusion
The contribution has discussed 4-step RACH procedure design considerations. In particular, the following observation and proposals have been made:
Observation 1: A two shot hypothesis based RACH preamble detection improves performance.
Proposal 1: RAN1 consider different RACH timelines for different use cases
Proposal 2: RAN1 consider different RACH timeline for different frequency bands. In particular, RACH timeline for below 6GH can be different from RACH timeline for above 6GHz
Proposal 3: In multi-beam scenario, beam refinement shall be performed during RACH procedure to obtain beamforming gain for subsequent data transmissions.
Proposal 4: In multi-beam scenario, beam refinement during RACH procedure involves transmission of reference signals and measurement reporting that allows NB and UE to select better beams. 
Proposal 5: RAN1 allows the random access response to convey the number of attempts N that the gNB uses to decode RACH Msg1 preamble. Value of N is >=2 and FFS.
 Proposal 6: The selection of UE TX beam during retransmission of Msg1 should be left to UE implementation in multi-beam scenario.
Proposal 7: In multi-beam scenario, RAN1 allows UEs to ramp up transmit power and transmit N times before selecting a different RACH transmission time. UE should select the same preamble during the N-1 retransmission with higher transmit power. Value of N is >= 2 and FFS.
Proposal 8: RAN1 allows non-uniform transmission of DL SYNC/broadcast signals in different directions in multi-beam scenario.
Proposal 9: RAN1 supports same RACH resource subset size that is associated with one or multiple occasions for DL broadcast channel/signals in multi-beam scenario.
Proposal 10: RAN1 supports the transmission of wideband reference signal in Msg3 for finer timing adjustment.
Proposal 11: RAN1 supports the conveying of finer timing adjustment parameter to UE via Msg4. 
Proposal 12: RAN1 should strive towards minimizing resources for beam sweep in both DL and UL. Procedure such as the transmission of multiple Msg1 until the end of RAR window is not needed due to its required excessive overhead.
Proposal 13: RAN1 considers following options to convey the maximum number of Msg1 retransmission to UEs.
A) The network can inform N, the total maximum number of retransmissions, for each UE. The number of times a UE ramps transmit power before switching to a different RACH resource can be left completely to UE implementation.
B) The network can inform the number of retransmissions in a hierarchical manner. For example, the network can inform UEs to ramp power for N1 times before switching to a different RACH resource. The network can also inform UEs to transmit in at most N2 different RACH resources. 
Proposal 14: NR allows gNB to inform through SIB the maximum difference between its maximum array gain during SYNC transmission and the array gain at cross over points between two beams during RACH reception.
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7. Appendix
Updated Link Level Evaluation Assumptions for RACH Preamble [7]
	·  
	· Below 6GHz
	· Above 6GHz

	· Carrier Frequency
	· 4 GHz
	· 30, 70 GHz

	· Channel Model
	· CDL-C (other CDL models are not precluded), AWGN
· with delay scaling values of 100 ns (mandatory),  300 ns (optional)  and 1000 ns (optional) for 4 GHz, 30 ns for 30/70 GHz
· with all combination of ASA and ASD scaling values in sec. 7.7.5.1 in 38.900, for above 6 GHz cases
· ZSA = 5 degree, ZSD = 1 degree 
· The CDL table is translated so that the strongest cluster’s AoD and AoA occur at a random angle for both the antenna panels of TRP and UE in the local coordinate. The value of the random angle is selected to be uniformly distributed from +30 to -30 degree. The random value is chosen independently for both AoD and AoA

	· Antenna Configuration at the TRP
	· (1,1,2) with omni-directional antenna element
	· (4,8,2), with directional antenna element (HPBW=650, directivity 8dB)
· Optional: (M,N,P,Mg,Ng) = (4,8,2,2,2). (dV,dH) = (0.5, 0.5)λ. (dg,V,dg,H) = (2.0, 4.0)λ

	· Antenna Configuration at the UE
	· (1,1,2) with omni-directional antenna element
	· (2,4,2), with directional antenna element (HPBW=900, directivity 5dB)




	 
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30, 70 GHz

	Antenna port virtualization
	Clarified by each proponent in simulation assumptions 
(e.g. the beamforming method, beam directions, number of beams)

	Frequency Offset
	· +/- 0.05 ppm at TRP ,  +/-0.1 ppm at UE

	UE speed
	3 km/h and 120 km/h  (mandatory)
 30km/h and 500km/h (optional)
	· 3km/h
· Other values are not precluded

	UE movement modeling
	· FFS

	Initial timing Offset
	· Timing uncertainty derived from cell radius 
· (e.g. for below 6 GHz, [-10us, +10us] for 3km cell radius)
· Companies report the assumed cell radius
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